Concrete cylinders with a design strength of 100 to 150 N/mm 2 were subjected to thermal histories with different maximum temperatures simulating actual structures to examine the development of their mechanical properties. The tendencies of the mechanical properties of concrete subjected to a maximum temperature exceeding 45 to 60°C were found to significantly differ from those of concrete cured at lower temperatures. The authors thus propose a technique for estimating the compressive strength of concrete from the maximum curing temperature and effective age. We also report on the investigation of the applicability of conventional prediction equations to the evaluation of static modulus and splitting tensile strength using compressive strength.
Introduction
Precise prediction of the development of mechanical properties, such as compressive strength, static modulus, and tensile strength, of concrete in structures is demanded in various situations, such as for thermal stress assessment and investigation of loading during construction at early ages, as well as for long-term creep estimation. On the other hand, the high binder content of high-strength concrete increases its hydration exotherm, and the resulting high early temperatures strongly affect its compressive strength development. The compressive strength development of concrete under different temperature conditions is generally estimated by applying maturity, such as cumulative temperature and effective age, to various function equations that reflect the ultimate values and development rates, to incorporate the differences in the curing temperature conditions. Static modulus and tensile strength, which correlate with compressive strength, are normally predicted using functions with compressive strength as a parameter. The Technical Committee on Autogenous Shrinkage of the Japan Concrete Institute (JCI) (hereafter, "JCI Committee") focused on the CEB-FIP model code 90 equation (hereafter, "MC90 equation") for the prediction of compressive strength and proposed a prediction equation for compressive strength development of high-strength concrete with enhanced applicability at early ages (hereafter, "JCI Committee equation") by modifying the MC90 equation (CEB 1990) (JCI 1996) . This committee also verified the applicability of conventional prediction equations for the relationships between static modulus and compressive strength and between splitting tensile strength and compressive strength for high-strength concrete. However, these investigations cover the data range of 28-day compressive strength of 89.7 to 127 N/mm 2 of concrete made using normal portland cement, high-early-strength portland cement, or high belite cement blended with silica fume as the binder. The applicability to later ages exceeding 28 days has not been verified either. Meanwhile, ultra-high-strength concrete with a design strength level of 150 N/mm 2 has been put to practical use. However, no prediction equation for its mechanical property development has been proposed, though a strength control technique that takes into consideration the high early temperature for strength correction of in-place strength has been proposed (Kawakami et al. 2006a) .
The authors have investigated the effects of high early temperatures on the in-place strength of ultra-high-strength concrete with a design strength of 100 to 150 N/mm 2 made using a binder consisting of low-heat portland cement blended with silica fume (Kawakami et al. 2006b ). This investigation has revealed that the early strength gains of ultra-high-strength concrete with a water-binder ratio of approximately 20% or less become significantly high, while the subsequent strength gains significantly decrease, when concrete is subjected to a high temperature of around 60°C at early ages. It has also been recognized that it is difficult to uniformly evaluate the strength of such concretes cured at a high temperature or seal-cured at 20°C by cumulative temperature. Also, the authors reviewed the in-place concrete strength of mock-up columns placed in different seasons with respect to the maximum temperature of concrete at early ages (T max ) and found that the strength gains of concrete in the structures with T max ≥ 50°C are significantly greater than those of concrete in structures with T max ≤ 50°C. When the water-binder ratio (W/B) is 14 to 13%, their difference remained even at an age of 91 days. In this light, the authors proposed correction values for in-place concrete strength in consideration of T max and confirmed that ensuring T max ≥ 50°C is effective for securing the strength of concrete in structures and that the use of adiabatic formwork for concrete placing in winter is effective. Additionally, the authors reorganized the relationship between the static modulus and compressive strength of high-strength concretes with different binder types at 28 and 91 days and their relationship between the split tensile strength and compressive strength at 7, 28, and 91 days, confirming that the binder type scarcely affects these relationships (Kawakami and Nishimoto 2003) .
In this study, cylindrical specimens of ultra-high-strength concretes similar to those used in the previous studies were cured under temperature conditions simulating the temperature histories of actual structures with different T max values to examine the development of compressive strength, static modulus, and splitting tensile strength. Based on the relationship between T max and the compressive strength-developing properties (hereafter, "strength development") of these concretes obtained from these tests, the authors modify the JCI Committee equation and propose a technique for predicting the compressive strength of ultra-high-strength concrete subjected to high temperatures from early ages to around 91 days. The applicability of conventional prediction equations relating compressive strength to static modulus and splitting tensile strength was also verified.
Test overview
2.1 Materials, proportioning, and test levels Table 1 and Table 2 give the materials and mixture proportions of concrete, respectively. The symbols of mixtures in Table 2 denote the combinations of the type and W/B. The unit water content and coarse aggregate content were fixed, while the target air content was set at 2.0%. The target slump flow was 70 ± 10 cm and 65 ± 10 cm for LSF 14 and 16, respectively. LSF 14, 16, and 20 represent mixtures assuming a design strength of 150, 120, and 100 N/mm 2 . Figure 1 shows the measured early temperature histories at the centers and surfaces of ultra-high-strength concrete members made using LSF concretes as previously reported (Suzuki et al. 2008) . The temperature histories vary depending on the proportioning, time of construction, form conditions, and size and position of members. In consideration of these data, the test levels were determined as given in Table 3 . The as-mixed temperature (T 0 [°C] ) was in two levels of 20 and 30°C, and T max was in seven levels for LSF 16. The series of T 0 = 20°C for LSF 14 and 16 was tested twice. ], of these specimens were measured at the specified test age, t days, in accordance with JIS A 1108, JIS 1149, and JIS A 1113, respectively. The test ages were 1, 1.2 to 1.7, 2, 3, 4, 7, 14, 28 , and 91 days for specimens with T 0 of 20°C. For specimens with T 0 of 30°C, the test ages were 0.3 to 05, 0.4 to 0.6, 1.0, 7.0, and 28 days to examine the strength development at earlier ages as well. Setting tests were also conducted separately in accordance with JIS A 1147 using the same mixtures as the cylindrical specimens in a room with the ambient temperature maintained at T 0 . Figure 2 shows the flow of the experiment. A variable temperature control container was used for curing seal TP. Following fabrication in a laboratory, all seal TP specimens were promptly transferred to the containers with their temperatures controlled beforehand to the target T 0 . The temperature in the containers was raised at the initial setting time, which was confirmed by a simultaneously conducted setting test. The rate of temperature rise was 2.92°C/h. When the specified temperature was reached, seal TP specimens were transferred to a curing box with all sides and ends covered with insulator to allow them to cool down. Seal TP specimens assuming the case where adiabatic forms are used were left in the container to undergo a very slow temperature drop at the rate of 0.25°C/h after reaching a T max of 90°C.
High early temperatures applied to specimens
The actual temperature of concrete was confirmed by curing specimens made from identical mixtures under the same temperature conditions as seal TP. Figure 3 shows the concrete temperature measured during testing on LSF 14 with T 0 of 20°C. The maximum temperatures of concretes varied as planned. Table 4 gives the fresh properties of the mixtures and the 28-day compressive strength (hereafter, F(28) [N/mm 2 ]) of standard TP. The T 0 value, air content, and slump flow fell in the ranges of the target values -2.0°C to +2.5°C, 1.0% to 2.1%, and the target values -10 to +5.0 cm, respectively. F(28) of all batches was constant 
Result of fresh property tests, setting tests, and compression tests
Measurement items ○：Compressive strength •：Compressive strength and static modulus ◎：Compressive strength and static modulus, and splitting tensile strength Numbers 1 and 2 beside the marks denote test series 1 and 2, respectively, of LSF14 and LSF16. 
Variable temperature control container

Insulated curing box
Concrete Mixing Fresh Property Test Cylindrical specimens
Φ100mm×200mm
were fabricated.
Setting Test
Initial setting time
Temperature was raised.
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regardless of the as-mixed temperature. Table 5 gives the initial/final setting times related to the chemical admixture dosage (hereafter, "SP dosage [%]") obtained from the setting tests. Previously reported results of tests conducted by the authors are also included in the table (Matsuda et al. 2006) . A higher B/W generally requires a higher SP dosage, and a higher SP dosage tends to lead to longer setting times, though this is not the case with the previously reported result for LSF 14 with T 0 of 20°C. Figure 4 shows the measured compressive strength of seal TP at t days (hereafter, "f(t) [N/mm 2 ]"). The age was counted from the time when the binder came into contact with mixing water. Specimens with T 0 of 30°C were found to have developed strengths of 0.8 to 6.3 N/mm 2 at the earliest f(t) test age, which fell between the initial and final setting times of all mixtures. Since T 0 affects the setting times, it may produce a certain effect on the compressive strength development at early ages. However, as far as the test results of f(28) and f(91) are concerned, no marked effect of T 0 on the long-term strength is observed, similarly to standard TP. Also, f(28) and f(91) of the test case ( ) for L SF 14 and LSF 20 in which the temperature was very slowly lowered to simulate the use of adiabatic forms were similar to other test cases.
The tendencies of strength development over the test period were roughly divided into two types: test cases with T max ≤ 45°C (hereafter, "Case 1") and T max ≥ 60°C (hereafter, "Case 2"). In Case 1, f(t) monotonically increased from early ages to 91 days in proportion to the logarithm of the age. On the other hand, f(t) in Case 2 rapidly increased until around 3 days but leveled off thereafter. Within each temperature range of Case 1 and Case 2, a higher T max led to a greater f(t). Although f(91) of LSF 20 specimens was not confirmed, f(28) of LSF 16 and LSF 14 specimens in Case 2 was equivalent to f(91). At 91 days, the results of LSF 16 specimens in Case 1 exceeded those in Case 2, whereas the results of LSF 14 in Case 1 were equivalent to or lower than those in Case 2, which was consistent with the tendencies recognized by the authors. When T max is 55°C, the f(t) tended to be close to Case 2 and Case 1 with a T 0 of 20°C (△) and 30°C (▲), respectively. Figure 5 shows the relationship between T max and f(28). The averages of f(28) in both Cases 1 and 2 are shown in dashed-dotted lines in the figure. The f(28) values of different mixtures were similar within each case, but those in Case 2 were greater than those in Case 1. The results with T max of 55°C were intermediate between Cases 1 and 2. Accordingly, f(28) is deemed to be an effective index to the effect of high early temperatures on strength development. The differences in f(28) between Cases 1 and 2 are 33.7, 17.7, and 15.6 (Matsuda et al. 2006) of high early temperatures on the compressive strength is considered to be very strong in the design strength range higher than 150 N/mm 2 . Also, the F(28) values, which resulted from standard curing, generally agreed with f(28) values of all mixtures in Case 1. The difference between the strengths of standard-water-cured and 20°C seal-cured specimens tends to decreased in high-strength concrete with a compressive strength reaching 150 N/mm 2 . The authors attribute this to the low water permeability of high-strength concrete due to densified microstructures (Kawakami et al. 2006b ). The present results agree with these tendencies, suggesting that these tendencies are valid for concrete in the strength range of LSF 20, i.e., a design strength of 100 N/mm 2 or more, including concrete subjected to high early temperatures up to around 45°C.
Evaluation of strength development
The authors investigated the effect of T max on the strength development focusing on the relationship between the test results of f(t) and the effective age, t e , defined in CEB-FIP model code 90 (CEB 1990) . The authors also propose a compressive strength prediction equation for ultra-high-strength concrete with a design strength level of 100 to 150 N/mm 2 based on the results of the verification of the applicability of the JCI Committee equation to actual measurements. Figure 6 shows the relationship between measured f(t) and t e from the time of contact between cement and water plotted for each mixture. The regression curves obtained by the JCI Committee equation to be discussed later in this paper are superimposed in the graphs. The strength development variances due to temperature history narrowed within each range of Cases 1 and 2 when organized with respect to the effective age in comparison with the f(t)-t relationship shown in Fig. 4 . The strength development variance between Cases 1 and 2, which is presumably due to T max , widened as the B/W increased. When T max was 55°C, the tendencies of f(t) approached Case 2 and Case 1 with T 0 of 20°C (▲) and 30°C (△), respectively, similarly to the t-f(t) relationship.
Relationship between effective age and strength development
Accordingly, it was confirmed that T max of 45 to 60°C divides the tendencies of the relationship between the compressive strength and the effective age. Also, the compressive strength was found to be uniformly evaluable by the effective age within the respective ranges of Case 1 and Case 2 temperature histories. 
Investigation into applicability of JCI Committee equation
where s f = coefficient for the effect of cement type a = 0.5 Equation (1) is generally regarded as being capable of predicting an age later than 28 days by establishing a general value for s f based on accumulated data and combining this with t e (JCI 1996) . Fig. 6 show the data ranges of Case 1 and Case 2 regressed by Eq. (1) and input values. The averages of the measurements of batches were used as F(28), and the averages of the initial setting times of mixtures confirmed under a temperature condition of 20°C were used as t e0 . For Case 1, the s f of LSF 14 and 16 was close to 0.25, the value for normal and high-early-strength cements established by the MC90 equation, whereas that of LSF 20 was the same as 0.38, the value for low-heat cement. Case 1 was therefore roughly predictable by the JCI Committee equation. For Case 2, however, prediction by the JCI Committee equation was difficult, as no reasonable regression line was obtained by simply assuming an s f value.
Proposal for a prediction equation incorporating effect of high early temperatures a) Attempt to modify JCI Committee equation
The JCI Committee equation is designed so that the calculated compressive strength at an effective age of 28 days passes F(28), the compressive strength at 28 days of standard curing. As described in Section 3, the values of f(28) and F(28) nearly agreed in Case 1 but differed in Case 2, with f(28) being greater than F(28). The applicability of this equation to Case 2 is therefore lower at around an effective age of 28 days than Case 1. Also, it has been reported that the accuracy of prediction by this equation increases by applying a value other than 0.5, which is specified in the MC90 equation, for constant a, depending on the binder type (Hashida and Yamazaki 1997) . Thus the data ranges of Cases 1 and 2 were regressed by substituting f(28) for F(28) in Eq. (1) to determine s f and a. The same value as Section 4.2 was used as t e0 . The results are shown in Table 6 and Fig. 7 . The obtained regression curves showed stronger correlation than the results obtained in Section 4.2 both for Cases 1 and 2. The values of s f and a widely differed between Cases 1 and 2 but no clear tendencies depending on mixtures were observed within the respective ranges of temperature histories. When comparing the regression results between Cases 1 and 2, the value of a was around 0.3 and 1.0 in Cases 1 and 2, respectively. The value of s f in Case 2 was much smaller than that in Case 1, and much smaller than the range of 0.2 to 0.38, which is used for other binders in the MC 90 equation. Accordingly, the applicability of the JCI Committee equation was found to increase by modifying it in consideration of T max , particularly for the results of Case 2, which are affected more by high early temperatures. Figure 8 shows B/W related to f(28) and t e0 of Cases 1 and 2 used for the investigation described in (1) above. From this figure, Eqs. (2), (3), and (4) ( )
b) Proposal for a prediction equation for compressive strength
Case 2 (T max ≥60°C):
For s f and a, the averages of the values obtained for Cases 1 and 2 with T max ≤ 45°C and T max ≥ 60°C, respectively, were applied. Based on the above investigation, the authors propose a compressive strength prediction technique using Eq. (5). 
The coefficients in Eq. (5) are determined from Table  7 .
The proposed technique is intended for more precise evaluation of the effect of high early temperatures based on the JCI Committee equation, being characterized by the application of f(28) instead of F(28) and the coefficients in the JCI Committee equation related to Tmax. Also, functions of B/W are employed as part of the coefficients, so as to make the equation versatile in a W/B range of 14 to 20%, i.e., a design strength range of 100 to 150 N/mm 2 .
c) Applicability of the proposed technique to in-place strength estimation
The authors have examined the relationship between the f(t) and curing temperature of the seal TP specimens and the relationship between the core strength of mock-up columns and temperature history of ultra-high-strength concrete made using LSF (Matsuda et al. 2006 ) Kawakami et al. 2006; Kawakami and Nishimoto 2002) . These are summarized in Table 8 . Among the previously reported data, Fig. 9 shows the relationship between the estimated and measured values with a W/B of 14.3, 15.0, 16.7, and 18 .2%. Figure 10 shows the proposed equations and the ranges of ± 20% separately plotted for Cases 1 and 2 of the previous results with a W/B of 14.0, 16.0, and 20.0% and the present test results. Figure 10 also includes the data for 45°C < T max <60°C. The f(t)-t e relationship for the pre- sent test results is consistent with previous data, proving that f(t) is predictable to a range from early ages to around 91 days by using the proposed equation with an accuracy of ± 20%. For the data of 45°C < T max < 60°C, however, either the proposed equation for T max ≤ 45°C or that for T max ≥ 60°C was more applicable. At the present stage, it is necessary, when estimating the strength of the case with 45°C < T max < 60°C, to select adequate coefficients in Eq. (5), while allowing for the safety factor suitable for the intended use. At the effective age of 1.7 days, at which the proposed equation for Tmax ≤ 45°C begins to depart from that for Tmax ≥ 60°C, the concrete temperature was 50 to 60°C in the increasing phase. This also suggests that the strength development significantly changes in the range of 45°C < Tmax < 60°C. In the range of 45°C < Tmax < 60°C, temperature conditions other than Tmax may affect the strength development, such as the Tmax retention time and temperature rise from the as-mixed temperature. In order to accurately predict the strength development under these temperature conditions, it is also deemed effective to evaluate the changes in the strength development occurring in this range from various aspects including the relationship between the temperature conditions and the silica fume activity to relate to the underlying mechanisms (Koizumi et al. 2008) . Also, the relational equations for Tmax ≤ 45°C and Tmax ≥ 60°C should normally be given as the same equation in the range where the concrete temperature rises and reaches 45 to 60°C. For a more precise prediction of strength development, Eq. (5) should be modified by accumulating data including the relationship between the setting time and the values of T0 and SP content. The generality of the proposed technique will be enhanced by accumulation of information from these aspects as well.
Relationship between static modulus and compressive strength
According to Japanese Architectural Standard Specification JASS5 1997 of the Architectural Institute of Japan, the relationship between E(t) and f(t) is expressed by Eq. (6) (hereafter, "RC standard equation") and Eq. (7) (hereafter, "New RC equation") for ranges of f(t) ≤ 36 N/mm 2 and f(t) > 36 N/mm 2 , respectively (AIJ 1997) (AIJ 1999).
( ) ( )
where k 1 = correction factor determined by coarse aggregate type k 2 = correction factor determined by the type of supplementary cementing material γ = apparent density [t/m 3 ] The JCI Technical Committee reported that, within the range investigated, the relationship between E(t) and f(t) is the same regardless of whether or not the specimens underwent high early temperatures and that the applicability of a relational equation in which E(t) is proportional to the second root of f(t), such as the RC standard equation, is higher than the New RC equation at early ages in which f(t) is less than 30 N/mm 2 (JCI 1996) . Meanwhile, the authors reorganized the relationship between E(t) and f(t) of concretes made using normal portland cement, low-heat portland cement, and a blend of low-heat portland cement and silica fume. In this research, the authors confirmed that the New RC equation leads to E(t) estimations higher than the measurements when substituting a measured value into γ in the range of f(t) exceeding 100 N/mm 2 and that the measurements of E(t) can be roughly evaluable by assuming k 1 = k 2 = 1.0 and introducing an apparent density of 2.4 to 2.5 in γ (Kawakami et al. 2004) . Figure 11 shows the relationship between the measured E(t) and f(t) values. Graphs (a) and (b) of Fig. 11 are marked by different mixtures and different T max ranges, respectively. Both graphs show a curve of the RC standard equation in which γ = 2.3 (hereafter, "RC standard curve") and a curve of the New RC equation in which k 1 = k 2 = 1.0 and γ = 2.4 (hereafter, "New RC curve"). Data from the authors' previous report are also superimposed in Graph (a) (Kawakami et al. 2004 ). This figure reveals that the E(t)-f(t) relationship is the same regardless of the W/B or whether or not the specimens underwent high early temperatures, including past data. Measured E(t) values agree well with the RC standard curve and New RC curve in their respective scopes of application, showing tendencies similar to the research results obtained by the JCI Technical Committee and the authors . Figure 12 shows the relationship between the estimations and measurements obtained by assuming k 1 = 1.0 and k 2 = 0.95 and substituting measured values into γ and f(t) in the New RC equation. Similarly to previous research results, the estimations tended to be higher than the measurements, with the ratio of measurements to estimations being 0.954. Since the measurements agreed well with the New RC curve, the correlation between E(t) and the third root of f(t) was examined in the range of f(t) > 36 N/mm 2 . As a result, both strongly correlated, with the resulting regression equation nearly coinciding with the New RC curve.
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6. Relationship between splitting tensile strength and compressive strength Equation (9) (hereafter, "Noguchi-Tomosawa equation") is well known as a relational equation between f T (t) and f(t) of high-strength concrete (Tomosawa and Noguchi 1993) .
The JCI Technical Committee reports that, within the range investigated, the f T (t)-f(t) relationship can be expressed by the Noguchi-Tomosawa equation regardless of whether or not the specimens underwent high early temperatures (JCI 1996) . Figure 13 shows the relationship between measured f T (t) and f(t), as well as the data from the authors' previous report (Kawakami and Nishimoto 2003) . This figure reveals that their relationship is the same regardless of the W/B or whether or not the specimens underwent high early temperatures. Although this relationship can be expressed by the Noguchi-Tomosawa equation up to an f(t) level of 120 N/mm 2 , deviations from the equation become notable in the f(t) range of over 120 N/mm 2 . Similar tendencies were reported with a similar strength level as the present study using cement containing silica fume as the mineral additive (Urakawa et al. 2007) . Care should therefore be exercised when evaluating an actual structure, for instance by using the Noguchi-Tomosawa equation in the range of f(t) ≤ 120 N/mm 2 and maintaining f T (t) constant for higher f(t). Apart from the effect of properties of hardened cement made using LSF as the binder, the deviations may be explained, for instance, by the effects of the tensile strength of aggregate and the bond strength between coarse aggregate and mortar (Tomosawa and Noguchi 
Summary
In regard to the mechanical properties of ultra-high-strength concrete with design strength of 100 to 150 N/mm 2 made using low-heat portland cement containing silica fume as mineral additive and subjected to high early temperatures, the following were found: (1) The strength development of concrete with a maximum temperature of the early temperature history (T max ) of 45°C or less significantly differ from those of concrete with T max of 60°C or more. (2) The relationship between the compressive strength and effective age is roughly divided into two tendencies with the diverging point being T max in the range of 45°C to 60°C. The compressive strength can be nearly evaluated by the effective age in a uniform manner within each T max group. (3) The compressive strength of concrete subjected to high early temperatures can be predicted more accurately to an age of around 91 days by relating the coefficients of the JCI Committee equation to T max . (4) The relationship between static modulus and compressive strength is similar to high-strength concrete made using other binders regardless of high early temperatures. The static modulus can be predicted, particularly in the high compressive strength range exceeding 36 N/mm 2 , by assuming the coefficients k 1 = k 2 to be 1.0 and coefficient γ to be 2.4 in the New RC equation. 
